Inelastic neutron scattering measurements of individual phonon lifetimes and dispersion at 295 and 1200 K have been used to probe anharmonicity and thermal conductivity in UO 2 . They show that longitudinal optic phonon modes carry the largest amount of heat, in contrast to past simulations and that the total conductivity demonstrates a quantitative correspondence between microscopic and macroscopic phonon physics. We have further performed first-principles simulations for UO 2 showing semiquantitative agreement with phonon lifetimes at 295 K, but larger anharmonicity than measured at 1200 K.
As a fundamentally important 5f correlated electron system, understanding the vibrational, thermal, and electronic properties of uranium dioxide (UO 2 ) has been a strong priority experimentally and theoretically. Of particular importance for UO 2 as a nuclear fuel is an understanding of the underlying science of anharmonicity and its impact on phonon lifetimes and thermal conductivity. Despite the fact that anharmonicity of UO 2 represents a challenge at the forefront of many-body physics, neither experimental nor theoretical studies of phonon lifetimes exist for UO 2 . Phonon dispersion measurements are available for many materials; however, the corresponding phonon lifetime (i.e., inverse linewidth) measurements as a function of wave vector to study anharmonicity have been reported for only a handful of materials, including Al [1] [2] [3] , K [4] , (Na,K,Rb)-Cl [5] , CaF 2 [6, 7] , and PbTe [8] . For insulating UO 2 , inelastic neutron scattering (INS) measurements of phonon dispersion by Dolling et al. [9] have been available since 1965, but the phonon lifetimes needed to address anharmonicity and thermal conductivity have not been measured.
The theoretical framework for anharmonicity and phonon lifetimes within perturbation theory [10, 11] is well established. However, only recently have first-principles techniques become available for simulating phonon lifetimes and thermal conductivity. Success has been demonstrated in materials such as Al [3] , Si [12, 13] , PbTe [14] , and MgO [15] . While several first-principles phonon dispersion simulations have been reported for UO 2 [16] [17] [18] [19] , first-principles phonon lifetime simulations in strongly correlated materials present a significantly larger challenge [16, 20] and have not been addressed so far.
Here. we present high-resolution inelastic neutron scattering measurements of phonon lifetimes and dispersion in UO 2 at 295 and 1200 K that form a benchmark dataset against which advances in numerical simulations may be assessed. UO 2 is chosen as a first test of thermal conductivity because it is a classic example for theory dealing with correlated systems. We show by analysis that a longitudinal optic branch of phonons carries the largest amount of heat and comprises nearly one-third of the heat transport. We show that the total thermal conductivity from all phonons is in quantitative agreement with macroscopic thermal conductivity measurements. We further present first-principles simulations of phonon dispersion and lifetimes for UO 2 via 3rd order anharmonic calculations.
We recall that INS phonon measurements provide direct access to their lifetimes and group velocities as required for absolute experimental determinations of the phonon branch specific and total thermal conductivity in insulators. In the relaxation time approximation [10] , the thermal conductivity qj for phonons of wave vector q and branch j is given by:
where C qj is the phonon heat capacity and v qj ¼ @E qj @q is the group velocity determined by local dispersion gradients. The phonon mean free paths ! qj ¼ v qj ( qj depend on the measured phonon linewidths 2À (angular frequency) through the relaxation time ( qj ¼ À À1 qj [10] . In general, phonon energy determinations such as the room temperature dispersion measurements for UO 2 [9] do not require high energy resolution. In this study, to ensure sufficient energy resolution for measurements of the linewidths and the energies, the spectrometer resolution was set to be smaller than the intrinsic phonon widths as described in the Supplemental Material [21] . Because of the time-intensive nature of these comprehensive INS measurements, two temperatures of 295 K ($ 100 K below Debye temperature Â D [17] ) and 1200 K (3Â the Â D and close to reactor operating temperatures) were selected. Figure 1 (a) shows the phonon dispersion measurements in which the six observable branches in the (HHL) scattering plane were measured along the 3 main symmetry directions. The nine phonon branches for the UO 2 cubicfluorite primitive cell include transverse acoustic (TA) modes taken to be double-degenerate, a longitudinal acoustic (LA) mode, two doubly-degenerate transverse optic (TO1 and TO2) modes, and two longitudinal optic (LO1 and LO2) modes along the [001](Á), and [111](Ã) directions; the phonon space-group representation is given in parentheses. For the [110](AE) direction the structure factors vanish for three distinct transverse branches with polarization vectors perpendicular to the scattering plane.
The phonon dispersion measurements at 295 K given in Fig. 1 (a) are in excellent agreement with the (lower resolution) historic results of Dolling et al. [9] . The measurements made at 1200 K represent the only dispersion curve measurements for UO 2 at high temperature; phonon energy measurements at a few selected wave vectors above 1600 K were reported elsewhere [22, 23] .
The grey lines in Fig. 1 (a) are piecewise fits to the phonon energies measured at 1200 K to facilitate the computation of group velocities and constrain the velocities (i.e., gradients) to vanish at zone boundaries as required by symmetry. The relatively small energy softening with temperature shows that the group velocities change little with temperature.
The phonon peak spectra at 295 and 1200 K in Figs. 1(b)-1(e) show examples of the procedure used to generate the dispersion data in Fig. 1(a) . The phonon energies and intrinsic (i.e., resolution corrected) linewidths (2À) were extracted by least squares fitting the measured phonon spectra to a Lorentzian convoluted with the known 4D spectrometer resolution function [24] for planar dispersion.
The intrinsic full widths at half maximum, 2À, for all measured phonons (58 at 295 K and 86 at 1200 K) are plotted in Fig. 2 . Noticing that the phonon linewidths more than double from 295 to 1200 K, we expect from a corresponding 2-3 Â decrease in thermal conductivity [Eq. (1)] since the velocities are essentially constant. Considering that the standard deviations (1%-10%) of the widths are smaller than the symbol size in most cases, the nonmonotonic q dependence of the linewidths in Fig. 2 is considered significant. It may arise from the conservation of momentum and energy limitations on the phase space available for phonon decays into two-phonon states [11, 25] .
Quasiharmonic simulations were made to calculate the phonon dispersion and linewidths [26] in a 13 Â 13 Â 13 q-points cubic Brillouin zone mesh for UO 2 at 295 and 1200 K using generalized gradient approximation with Hubbard-U correction (GGA þ U) [27] . The lattice constants obtained by free energy minimization were 5.569 Å at 295 K and 5.637 Å at 1200 K, which are $2% above experimental values [17] . A 2 Â 2 Â 2 supercell was used to determine the interatomic forces via the projector augmented wave pseudopotential method [28] with an energy cutoff of 500 eV using VASP [29] . The 2nd and 3rd order interatomic force constants [11] required to determine phonon energies and lifetimes were obtained by numerical differentiation under finite displacements of the atoms in the supercell as described previously [15] . The ideal cubic structure with antiferromagnetic spin arrangements was used throughout the calculations and the electrostatic contribution was accounted for as described by Wang et al. [30] and Nunes et al. [31] . To ensure the same minimum of the system under atomic displacements, the occupation matrix of the 5f electrons was fixed to the ground state during the first 25 steps of the self-consistent field calculations in the numerical differentiation.
The simulated phonon energies are compared with the INS measurements in Fig. 3 . Agreement is good for the acoustic TA and LA phonons and also for the highly dispersive longitudinal optic LO1 phonons. The energies for the TO1, TO2, and LO2 optic phonons differ by somewhat larger amounts, a characteristic observed in other first-principles simulations for UO 2 [17] [18] [19] as well.
The GGA þ U simulated phonon linewidths are plotted as thick blue and red lines in Fig. 2 . The agreement between the simulated linewidths and INS measurements at 295 K is semiquantitative, with a tendency to underestimate the widths for acoustic modes and to overestimate the widths for the highest energy LO2 optic modes. For 1200 K, the simulations strongly overestimate the linewidths for both the acoustic and optic modes. Some of the simulated phonons are overdamped in contrast to the moderate anharmonic effects observed in the INS phonon spectra which are well defined. The energy scales in Fig. 2 were allowed to truncate the largest simulated linewidths at 1200 K in order to display the 295 K data clearly.
We now connect the microscopic phonon dispersion and linewidth measurements directly with macroscopic thermal conductivity for UO 2 by integrating Eq. (1) over the Brillouin zone. The branch specific and total thermal conductivities in Fig. 4 were obtained directly from the INS measurements by weighting the [001], [011], or [111] phonon data according to their respective solid angles within the Brillouin zone (see Supplemental Material [21] ) and assuming angular isotropy around each symmetry direction.
Our results are in stark contrast to recent arguments based on a dynamical mean field theory analysis [16] that the LA branch is the only significant carrier of heat. Instead, we have shown that the (high velocity) LO1 phonons transport the largest amount of heat in cubicfluorite UO 2 [Fig. 4(a) ]. The INS measurements show that the contribution from the LO1 optic phonons is strong because their high velocities more than compensate for their larger linewidths. The weak contributions by the TO2 and LO2 optic branches are the result of low velocities and short lifetimes. The 1200 K results in Fig. 4 show large thermal conductivity decreases for all phonon branches as a result of temperature broadened linewidths. The TO1 and LO1 optic mode thermal conductivities are observed to decrease more than the acoustic phonons; however, even at 1200 K the LO1 branches transport a surprisingly large 30% fraction of the total heat.
FIG. 3 (color online). Simulations of phonon dispersion for
The total thermal conductivities in Fig. 4(c) , obtained by integrating the individual branch conductivities are to be compared directly with the macroscopic thermal conductivities of UO 2 . The INS measured integral values of 8:4 AE 1:5 W m À1 K À1 at 295 K and 3:6 AE 0:4 W m À1 K À1 at 1200 K are in good agreement with the respective macroscopic thermal conductivities [32] of 9:7 W m À1 K À1 and 3:4 W m À1 K À1 given by the dashed horizontal lines in Fig. 4(c) . This is an important demonstration of the quantitative experimental correspondence between microscopic and macroscopic phonon physics in UO 2 .
The benchmark phonon lifetime and dispersion measurements presented here provide a unique opportunity for confronting the thermal conductivity predictions of GGA þ U or new theories with INS measurements on a common basis. And to that end, we show in Fig. 4 (b) simulated branch specific thermal conductivities determined using the same Brillouin zone integration procedure as used for the INS measurements of Fig. 4(a) . The GGA þ U simulations predict, at 295 K, higher acoustic mode and lower optic mode conductivities than the INS measurements because of the lower acoustic and higher optic mode linewidth predictions. We note, however, that the LO1 phonon branch is predicted to have strong thermal conductivity, in agreement with experiment. Although the total conductivity at 295 K of 11:1 W m À1 K À1 from the simulation is within 15% of the macroscopic value for UO 2 , the INS linewidth benchmarks indicate that the close agreement is due in part to offsetting errors in the acoustic and optic mode conductivities.
Because the simulated linewidths for all phonon branches at 1200 K are much larger than the measurements at 1200 K, all the simulated branch-specific conductivities show dramatically stronger decreases with temperature than are measured by INS. As a result, the GGA þ U predicted total conductivity at 1200 K of 1:4 W m À1 K À1 [ Fig. 4(d) ] is less than half of the macroscopic measured value. As with the 295 K result, the prediction of roughly one-third of the heat being transported by each of the TA, LA, and the LO1 phonon branches is in qualitative agreement with the INS experimental benchmarks. Now, these phonon lifetime measurements and the extraction of quantitative branch specific thermal conductivities have important implications for probing anharmonicity. Figure 2 indicates that phonon linewidths provide a much more sensitive test of anharmonicity than do the energy dispersion measurements in Fig. 3 .
The direct confrontation of first-principles anharmonic lattice dynamics simulations with INS measurements of phonon lifetimes makes possible a new level of specificity in anharmonicity investigations. Moreover, preliminary tests (1) using the 295 K phonon energies in 1200 K lifetime simulations and (2) using the 295 K 3rd order interatomic force constants in 1200 K lifetime simulations have been performed. These tests show that the simulated phonon lifetimes for 1200 K in Fig. 2 are $3-5 times more sensitive to the interchange of the phonon energies and produce better agreement with measurements than interchanging the 3rd order interatomic force constants. This underscores the importance of electronic structures that produce highly accurate 2nd order, as well as 3rd order, force constants to simulate phonon lifetimes.
To address the observed discrepancies with INS lifetime measurements in the near term, there are potential improvements in our GGA þ U approach that should be considered, such as the inclusion of spin-orbit interactions with Hubbard-U and the minimization of the known spurious self-interaction effects on the strongly localized 5f electrons [33] .
In addition, the use of more powerful theoretical approaches such as hybrid functional density functional theory [34] and dynamical mean field theory [16] represents an important direction for future simulations. However, the significantly higher computational requirements for such approaches have so far precluded their ability to address 3rd order anharmonicity.
Overall, the value of the phonon lifetime and dispersion measurements presented here have been demonstrated by direct comparison with our first-principles simulations in this technologically important strongly correlated system.
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